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\BDDT experiments were performed in steel and Lexan confinement with

propeliaut supplied by Edwards Air Force Base.  DDT was not observed in cast
copellant in either steel or Lexan confinement) but probably did occur in one

_MLf the =zxpériments-performed with po pellant in Lexan confinement.

\équever, internal pressure histories were recorded for the first time in a DDT
t

xperiment in the compressed propellant confined by steel. The gages recorded
ime periods of 300-500 us, and peak pressure in the 2.5 to 4 kbar region.
The limited pressure buildup 1s attributed to the small percentage of HMX
in the propellant, ock was not formed ahead of the flame because the
second derivative o Lagrange pressure-specific volume compression
curve is negative essure region, The DDT experiments perform—
ed in Lexan tubes with propelTant containing 50% HMX were unsuccessful

; as Lagrange gage experiments becs the flow was not one dimensional..

' No comparison of theoretical and expetdmental results was possible
because DDT was not observed in a one-dimensional experiment. DDT
experiments with propellant containing 50% HM¥ confined in steel tubes

‘ lare recommended for any such Lagrange gage experiments that may be

. undertaken in the future.
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I INTRODUCTION AND OBJECTIVES

Research on the deflagration-to-detonation transition (DDT) is
important to the Air Force because many of the energetic propellants
required for present and future long-range delivery systems are readily
detonable, can be used as good explosives, and as such are capable of
undergoing DDT. Rockets motors burning HMX-~based propellant have, for
example, been destroyed by DDT on several occasions. Possible steps
leading to detonation in the rocket motor are fracture of propellant
ahead of the flame and the subsequent formation of shock waves produced
by the increased burning rate of fractured propellant. However, in this
important case, the mechanism of DDT and the conditions for its initiation

are not adequately understood.

The long-range objective of the present research program is to
develop a computational capability for assessing the DDT hazard in
explosively filled propellants. The program is based on the councept that
the physical and chemical processes involved in DDT must be identified,
understood, and incorporated into a realistic model of DDT before the
objective can be achieved. Theoretical and experimental work was under-
taken to model and establish conditions for the onset and occurrence of
DDT in HMX=~based propellants. The goal of the theoretical work is to
formulate a realistic model for the flow produced by an unsteady flame
propagating in propellant contained in a closed tube., The goal of the
experimental work is to perform Lagrange stress gage experiments to
quantify states attained ahead of the flame front in buraing HMX propellant,
to establish conditions for the onset of DDT, and to provide data for the
modeling effort.
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II THEORETICAL WORK

Our theoretical study was concerned with DDT in a burning propellant
contained in a closed tube. A phenomenological approach was taken to:
® Develop a physical understanding of the thermo-hydrodynamics
of the flame, its propagation, and the flow it produces.
® Develop a model of the flow for assessing the probability
of the onset of DDT.
To develop a physical understanding of the thermo~hydrodynamics of the
flame, its propagation, and the flow it produces, we chose a model for the
flame, physically interpreted the equations governing flame propagation,
and derived the equations governing shock formation in the flow in front
of an accelerating flame. To develop a model of the flow for assessing
the probability of the onset of DDT, we constructed a solution for the
unsteady flow produced by an accelerating flame and used its properties

to establish conditions necessary for the onset of DDT.

A. Flames Treated as Reactive Discontinuities

It 1is convenient first to choose the simplest model and treat the
flame as a reactive discontinuity. Implicit in this cholce are the
assumptions that the burning reaction is fast and that the hydrodynamic
flow produced by an unsteady flame 1s not appreciably lafluenced by the
detailed structure of the flame. In this case, states comnected by the
burning process are governed by the Rankine-Hugoniot Jump conditions
expressing the conservation of mass, momentum, and energy across the

reactive discontinuity.

Let v denote specific volume; F, flame velocity; u, particle velocity;
p, pressure; and h, specific enthalpy; and let the subscripts + and =~
denote the initial and final states, respectively connected by the flame,
The states across the discontiunulty are related by the Rankine-Hugoniot

Jump conditions1

TR o RS




v_(F - ul) = v+(F -u) (1)

_-up?=_-p) (v, -v) @

2, =h) = (b_ - p) (v_+v,) 3)

Equation (1) expresses the conservation of mass, Eq. (2) expresses the
conservation of mass and momentum, and Eq. (3) expresses the comservation
of mass, momentum, and energy. The locus of states attainable from a
glven initial state (p+, v,, h+) lie on a curve in the (p,v) plane obtained
by eliminating h between Eq. (3) and the h = h(p,v) equation of .state of
the burnt products. This curve, called the Hugoniot curve centered on

(p+, v+), has two branches when the discontinuity is reactive.

When the reaction is exothermic, the branch where p_ > P, and
v_ 2 v, 1s called the detonation branch, and the branch where p_ < p _ and
v_ > v, is called the deflagration branch. With the present model of the
flame, burnt states are represented by points on the deflagration branch
of the Hugoniot curve. Moreover, the maximum flame speed is defined by
the Chapman-Jouguet (CJ) point where F = u_ + c_ (c denotes sound speed),
the flow is sonic, and the Rayleigh line through the initial state (p+, v+),

2

Fe-u .
(v, = ) )

P-p, = -
+ v,

is tangent to the Hugoniot curve.

Equations for deflagration CJ parameters will be derived, and then
the differential equation governing the propagation of a reactive dis~
continuity will be formulated., Equaticn of state information must be
specified to compute CJ parameters and states on the deflagration Hugoniot
curve, Let the subscript o denote the standard state, and let the super-
scripts x and p denote propellant and propellant products, respectively.
The initial enthalpy of the propellant and the h = hp(p,v) equation of
state of the products are written as

Cats
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X _ aX x
h+ = AHO + h+ (p+, V+) ‘ (5)

and
BP =+ J—kk_vl (6)

where Hg = AHE -k pOVO/(k - 1), AHo denotes the heat of formation, and
k denotes the polytropic index of propellant products. The combination
of Egs. (3) and (6) gives the equation for the Hugoniot curve centered on

(p¥v+) as

(]

k (w_=v)+p (v, +v)=2gq (7

where U = (k + 1)/(k - 1) and q

X _ P X _
[(AH0 AHO) + h (p+,v+) + k povolk 1].
At this stage it is convenlent to neglect the kpovo/(k - 1) term in
q and introduce the nondimensional variables p_/p+ = p, v_/v+ =V,
R
q/p+v+ =Qand U” = (u_ u+) /p+v+. Equations (2) and (7) can then be
written as

®=1) (1-y) = (8)
and

PUW - 1) + (V+ 1) = 2Q (9

Using Eq. (4) aud the definition of sound speed cz = kpv, the CJ condition

F~-u_=c_can be written as )

P~1 P
TV S kY (10)

The CJ parameters are obtained by solving Eqs. (8) - (10) and Eq. (1).
The combination of Eqs. (8) - (10) leads to the following equations
relating U and V to Q.
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Wl + (u+1) =29=0 (11)

1- V)2 + 2B(1L -~ V) ~ (P——l—:«i)g = 0 (12)

where B = [2Q/(M + 1) - 1], The roots of Eqs. (11) and (12) give the
particle velocities and volumes at the CJ points on the detonation and
deflagration branches of the Hugoniot curve centered at (p+, v+). Solving
Eq. (11) and converting back to dimensional variables gives the equation

1/2

u = u 4+ e [2{(k% - 1)q - k(k + ey H (13;

- +— k+1
where the positilve sign gives the particle velocity at the CJ point on
the detonation branch of the Hugoniot, and the negative sign glves the
particle velocity at the CJ point on the deflagration branch.

Whereas liberation of chemical energy in a detonation produces mass
motion directed toward the reaction front, the liberation of chemical
energy in a deflagration produces mass motion directed away from the
reaction front. Expanding the square root term in the equation for the
roots of Eq. (12) gives the following equatioﬂs for the CJ volumes on
the detonation (14) and deflagration (15) branches as

Yok

v, k+1 (14)
and

v

Yo _2(k -1)Q_ _k

v, k k+1 (15)
Rearranging Eq. (1) to give the equation

(u_-u)
F-u+=—(-‘-,-:-i-$— (16)

and eliminating (u_ = u+) by using Eq. (13) with A2 = 2[(k2 - 1)q -
k(k + l)p+v+] glves the equation for the maximum deflagration velocity

“us
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3 Fe-u = 5 : o an g
- (1 + A%kpv) ) )
% ) The equation for the CJ deflagration pressure-then follows from Eq. (9) . ,.;;fj;
; . as _ . . \ :_;".f
r 2 -
A /p+v+

P-1=- (18).

& +1) @+

When A.‘zlkp+v+ >>1, Eq. (17) gives the maximum deflagration velocity as

P,V . R
Yy N
F - u, = k e | (19) L

and the corresponding equation for the change in pressure across the

discontinuity follows from Eq. (19) as

kp+
. - = ¢

Equations (13), (15), and (18) show that the reaction in a CJ

deflagration wave produces a decrease in particle velocity and pressure

00 but an increase in volume. Other states on the deflagration Hugoniot

curve must be considered, however, because the CJ deflagration represcuts

a hypothetical idealized case, These states lie on the weak deflezgration

bra-~h where KA <p_ §_p+, and where, according to Jouguet's rules, the

flow of reacvion products is subsonic with respect to the reactiorn front.

e T e

Jouguet's rules for the flow in front of a weak deflagration give an

s

insight intn the problem of modeling unsteady deflagration and DDT. The

e

flow ahead of the wave 1s influanced by the wave itself because the flow

ahead of the wave 1s subsonic with respect to the wave front. Consequently,

an accelerating flame produces an unsteady compression wave ahead of itself
and the initial pressure for the burning process increases as the flow
develops., The burnt states are represented by points on the family of
deflagration Hugoniot curves centered on an adiabatic compression curve

of unburnt material., Moreover, the continued acceleration of the flame

will result in shock formation and initiation of detonation in material
ahead of the flame front.
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The differential equation governing the propagation of a reactive

‘discontinuity will now be derived: to obtain a~morelQuantitative description

of unsteady deflagration waves., Let t and X denote time and Eulerian

~ distance, respectively, and R Ap and,u+ ~ u_ = Au, When the

deflagration propagates as a discontinuity, the time"variations of P,
and p_ satisfy the equations

Dp
.9 3p
Dt 3t++ F 3x+ (21)

Dp
=23 3p. :
bt - ot T T ok (22)

Where the subscripts + and - denote that the partial derivatives are

evaluated at the top and bottom of the discontinuity (the initial and final
states). Substracting Eqs. (21) and (22) arter the partial time derivatives

have been eliminated using the identity

dp _ A0 0P
dt 9t Fu ox (23)

leads to the equation

DAp _dp 8P L poy )R ooy R |
Dt dt,  dt_ *F -y ox, (F-u)d 5 (24)

A similar procedure leads to the corresponding equation for u

DAu _ du _ du_ cu) W ey ) 5i
Dt dt+ dt_ + (F u+) Bx+ (F-u) 9x_ (25)

The equation governing the discontinuity is obtained by combining Eqs.
(24) and (25) with the equations of motion, which are written as

du _ _3p
DEE ox (26)

L
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with p = 1/v used to denote the density. Multiplying Eq. (25) by
M = p+(F - u+) = ¢ _(F - u_) and adding the resulting equation to Eq. (24)

leads to the equation

A o 2
R R R b I RN Ol e I b R e
4 - .

Equation (28) gives hydrodynamic conditions associated with

deflagration waves.. Consider first a deflagration wave propagating at
constant velocity when D(Ap)/At = D(Au)/Dt = 0 and both terms on the right-

hand side of Eq. (28) dre zero. Necessary conditions for this case are

either 3u/3x+ = Bulax_ = {, or 8u/3x+ = 0 and ¢_ =F ~ u_, because unreacted
material satisfies the condition c, >F=u + Solutions involving a pre=
compression shock followed by a deflagration wave can be constructed to

satisfy both of these conditions. Rejection of the CJ condition on

physical grounds, however, gives Bu/'()x+ = 3u/dx_ = 0 as the necessary
hydrodynamic condition for steady deflagration waves. Of particular

interest is the flow when the particle velocity of burnt material is

zero, In this case the strength of the shock and deflagration waves are

such that the increase in particle velocity produced by the shock is
exactly offset by the decrease in particle veloclty produced by the

deflagration.

B. Shock Formation in Front of an Accelerating Flame

The factors governing shock formation in front of an accelerating

flame were considered because formation of a shock 1s necessary for DDT.

A shock is necessary for the onset of DDT because detonation 1s a shock
supported by chemical reaction, At this stage in this report we will use
the subscript o to denote the state in virgin material, rather than the
standard state. With the notation already introduced for the variables,
we let h and 0 denote Lagrange dlstance and str:ss and write the equations

of motion governing our one dimensional flow as

9




h t
Ju o0
Y ==-v e (30)
( at:)h ° (ah) t
de v i
- = = —_— (31)
(%),--° (%),

It is convenient in considering shock formation to rewrite
Eqs. (29) and (30) as

-V, <-§%) = < > = Cu (32)
h u
/
W (%), (B) < 2

Equations (32) and (33) are also useful for the Lagrange analysis.

o
rt|3

and

The quantities Gu and Co ars, respectively, the slopes of the curves -
of congtant partlicle velocity and stress in the (t,h) plane., In

other words, the points of constant particle velocity in a wave
propagate at Cu and the points of corgtant stress propagate at Cc.

A shock will be {ormed in the compressive part of a wavz when the

wave profile steepens as the wave propagates. The cunditions for
compressive wave steepening, (acu/au)h > 0 and (BCUIBO)h > 0, are

thus kinematic conditions for shock formation. These conditions are

related to dynamic material properties by the following equations

/BCL1 (07u/dv )h
¥y W o (euldvy, 34

10
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| ac (a%/oud) < ‘
o 2] ey e (35)
L 30 h o (80/30)h '
i obtained by differentiating Eq. (32) partially with respect to u and
differentiating Eq. (33) partially with respect to ¢. Because
(Bulav)h < 0 and (Bclau)h > 0 during compression, the dynamic material
properties associated with shock formation follow readily from Eq. (34)
and Eq. (35) as (Bzulavz)h >0 and (azo/auz)h > 0.
Properties of the Lagrange stress—strain curve associated with shock
formation are obtalned from the equation
90 Cocu
= =-= (36)
h v
)
) obtained by combining Egs. (32) and (33). Differentiation of Eq. (36)
glves the equation
‘. , oty |
i -V, m)';— = Vo(aculau)h + cu(acolao)h 37
; The condition that the Lagrange (O,v) relationship must satisfy for
g shock formation to occur in compression follows as (Bzclavz)h >0
; é because (BO/Bv)h < 0. )
s
% We will now consider shock formation in a simple wave adjacent to
? a constant state. In a simple wave, the stress and specific volume are
éﬁ functions only of particle velocit:y2 C0 = Cu, and the curves of constant
f particle velocity, of constant stress, and of constant volume are straight
ok
? lines. Equation (36) can then be written as
b 11
!
:. {“\! 1 Vi o f.v."
. B LN '
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C C
30 o] u
(5;) ='(r) = - (v—) | (38)
h o o

and differentiated to give the equations

v, (320/3v2)h ¢, [ac, ac,
-5 Wﬁ;(%‘( YA - G9

These equations again show that the condition (Bzolavz)h > 0 must be
satisfied for shock formation. In classical work} simple waves are
treated In terms of characteristic curves. The differential equation
for the characteristic curves is

vV C
O

- (40)

S
where the sound speed ¢ is defined by the identity (c/v)2 = - (Bp/BV)S
and where s denotes entropy and p denotes pressure, The characteristics
assoclated with the pluc sign are called C+ characteristics and those
associated with the minus sign are called C_ characteristics. At this
stage we identify the stress with the pressure, set 0 = p accordingly,

and use the e = e(s,v) equation of state to rewrite Eq. (31) as

ds _
(),

It then follows from Eq. (36), Eq. (41), and the identity

3 3 0 v
(8), (2)," (%), (s)
s v h

12
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5 ¢C, o2
- (5'5‘) = _P_2__ = =3 (43)
h v,

Equation (4J) for the simple wave can then be written as

dh _ :
dt -+ % (44)
and it follows that the characteristics coincide with the_curves of

constant particle velocity and are straight lines.

We will now consider shock formation in a simple wave produced by
an accelerating plston or an accelerating flame., A shock is formed where
the forward facing characteristics emanating from the piston or the flame
intersect to form an envelope. Integrating Eq. (44) gives the particle
velocity field for the flow produced by a piston as

b= c [t - t,(w)] (45)

where the subscript P denotes the piston, and gives the particle velocity
field for the flow produced by the flame as

h = hf(u) + cu[t - tf(u)] (46)

where the subscript f denotes the flame discontinuity.

The condition that the derivative (Bh/Bu)t vanishes on the envelope
formed by the characteristics gives the parametric representation of this

envelope as

C
t = t_(u) + s
e P (duP/dt)(dCu/du)

47

13
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and
CZ

u
e (du,/dt) (dC /au) (48)

h

where (u du) = - vo(azplavz)SIZ(Bp/BV)s. Equations (47) and (48) show
that the C+ -aracteristics emanating from an accelerating piston

duB/dt > 0 form an envelope in front of the piston hP = 0 when

(9 p/BvZ)s > 0. Let the subscript i denote the initial condition at

the origin. When (duP/dt)i > 0, the shock is formed at the point t = t.

h = e t. on the C+ characteristic through the origin; tc 1s given by

Eq. (47) as
H co
; t, = (49)
! . c (duP/dt)i(dCu/du)i
The parametric representation of the envelope associated with an
accelerating flame is obtained from Eq. (46) as
c, - dhf/dt)
; fe = W ¥ TG _7dn @c /aw (50)
i
and (c, ~ dn./dt)
he = hf(u) + C (51)

u (du_/dt)(dC /du)

We consider a flame with an initial velocity (dhf/dt)i = 0 hut with an
initial acceleration (du_/dt)i > 0. 1In this case, as with the accelerating
piston, the shock is formed at the point t = tos h = cotc on the C+
characteristic through the origin; the time t. is given by

c
¢}
¢ ” du_7de) (dC_Tduy,

t (52)

from Eq. (50).

14
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It is clear, in contrast to the case of the accelerating piston,
that there 1s a class of accelerating flames that 1s associated with
shock formation and a class that is not. These classes are separated
by the accelerating flame that overtakes the first characteristic at the
time t. 4 shock is formed by accelerating flames that would overtake-
the first characteristic after t. but a shock is not formed by accelerating

flames that overtake the first characteristic before tc.

C. Model Solution for Assessing the Probabllity of the Cnset of DDT

Our model sclution is based on the assumption that the following
chain of events is responsible for DDT in burning propellant contained
in a closed tube

® The formation of an accelerating flame by
an unsteady burning process.

® The formation of a shock wave in unburnt material
by the compressive actlon of the accelerating
flame in .l.e deflagration to shock transition.

® The formation of a detonation wave in material
ahead of the flame by the shock to detonation
transition SDT.

In this case, DDT will not occur unless the accelerating flame produces
a shock wave, and the properties of this shock satisfy the conditions
required for the occurrence of SDT. The condition for shock formation
is thus not a criticality condition for DDT, and the shock must be

characterized to assess the probability of DDT.

Our analytical treatment of DDT is based on the premise that the
dynamics of the flow behind and in front of the accelerating flame must
be considered to characterize the shock formed in front of the flame and
to assess the probability of DDT., It is therefore necessary to model the
on both sides of it., The model

for these unsteady processes used here is based on the model formulated by

accelerating flame and the unsteady flows

Jones3 to investigate the DDT process in gases. We treat the flame as a
reactive discontinuity, we treat the flow in front of the flame as a simple
compression wave, and we assume that the density gradient is zero in the
flow behind the flame, The one-dimensional differential equations govern=

ing this type of flow in a closed tube can be solved when relationships for
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the burning rate and the acceleration of the flame are known. This

treatment is phenomenological but supersedes previous thermo~hydrodynamic

treatment34-6 by making the states attained across the flame compatible

with the differential equations governing the conservation of mass and _ :
momentum in the flow behind the flame, and by making the states compatible N

with the rear-boundary particle velocity condition in the closed tube.

It 1s convenient in constructing solutions for such flows to extend

the notation intrcduced on page 8. We will still use f as a superscript

or subscript to denote the flame discontinuity, but we now use the subscripts
+ and -~ to denote quantities in front of the flame discontinuity and behind

it. States across the flame are then related by the Rankine~Hugoniot

jump conditions written as

oi (F - uﬁ) = of (F - u_f_) (53)
o -pl = op F~ub) @] - uh) (54)
(55)

£ £, £, £, f f
2(e_ =e) = (p +p) (vy=~v)

Again, we let c denote the sound speed and the subscript o denote the initial
We also assume that the propellant is governed by

state in the propellant.
The equations for Py p+,e+,

a Murnaghan equation with an index n = 3.
and the slope of a forward facing C+ characteristic (u+ + c+) in simple

isentroplc compression wave can then be written as




e,
L S

T s

AT

§ Y -, % -
A .,.,‘“'.‘_':"'"' “-""‘-'_ﬂ\ > = ‘,4‘?,7"\, o v
(p, - p IV (pec ~2p)
= + 0"+ 0 o O -
e, = e, + 7 + 5 (v+ vo) (58)
u, + c, = c + 2u+ {(59)
We denote the extent and heat of reaction by A and q, assume that the
reaction products are polytropic with an index k = 3, and write the
equation of state for material hehind the flame as
Ap P pv, (p)
=e - L) _ o0 gyt
e_= e Aq + 5 5 a-2xn 3
2
(eg Py = 2p)

+ (1= N 5 W) = V) 60)
where v+(p_) 1s written to denote that the volume of the nropellant is
related to the pressure by the same equation on both side of the flame,
and v® denotes the specific volume of the reaction products in their
standard state. Combining Eq. (55), (58), and (60) allows us to write
the extent of reaction in the flame as

Af = aef/f (61)
where

of = 2q+p WP - v )+ (B = 3p (v, (D) = v )] (61a)

0 o o oo 0° - o
and
f
BB = [(p_ +p (v _=v)) + (pv)_ = (pV),
(61b)

+(c§0° = 3p (v, (p) - vo)]f

with £ written as a superscript outside the bracket for notational convenience,

17




With x and t used to denote Eulerian distance and time, we set
= dxf/dt. In contrast to Jones3 we assume that the burning rate is
related to the particle velocity and the pressure at the flame front by
the equation

ot £
F=u + A(p+ - po) (62)

where A 1s the burning rate parameter. The assumption that the pressure

exponent in Eq. (62) is 1 is not necessary, but 1s made here for convenience.

We are now in & position to consider the flow produced in a closed
tube by a flame that is treated as a reactive discontinuity. We will
first derive equations for the initial conditions attained in the tube
and then present solutlons for flows produced by flames with different

types of acceleration.

1. Initial Conditions Produced by the Propagation of a Flame in
a Closed Tube

The flow produced by the propagation of a deflagration wave from
a rigid wall is of particular interest because our experimental study of -
DDT is designed to model this rear—boundary condition. We use r as a
subscript and as a superscript to denote the rear-boundary and we use

the subscript 1 to denote initial values of quantities at time t = O,

The rear-boundary condition for the particle velocity at the wall

1s expressed by the equation
=0 (63)

4 = Py it follows from Eq. (62) that Fi 0.
In this case (uf) = (u )i’ and it follows from Eq. (63) that (u ) = Q.
Differentiating hq. (63) twice with respect to time leads to the conditions

au¥/dt = d%u¥/dt? = 0 and it follows from the identities

Because (u ) = 0 and (P+)

du’  Bu_ du_ )
= =—=+u (64)
dt atr er .

18
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and
dzuf E)zu_~ . Bzu_ £ 2 Bzu_ du’  Bu_
— =t W mm— t (W) ot o 5 (65)
dt2 ati Btoxr axi dt GXr

that (3u_f3t)_ = (9%u_fotD)_ =0, and thus that (u_fot), = (3'u_/3tD), = 0.
We now use the following identities for the time derivatives of u_ along the

flame path,
Duf Bu_ Bu_
—— == + F e (66)
Dt Btf Bxf
Dzuf Bzu_ Bzu_ 2 Bzu_ dF Bu_
7 T oL Yo YT o7 Taw (67)
; £ £ X f f

tokderive an equation for the initial value of the particle velocity
gradient behind the flame. It follows from equation (66) that (Duf/Dt)i = Q
because (Su_/at)i = 0 from Eq. (64) and F = 0 from Eq. (62). In this case,
Eq. (67) glves the equation for (3u_/8x)i as

Dzuf 4F 3u_
— | ° @ \5 (68)
i i

1

because (Bzu_/?itz)i = 0 from Eq. (65). It follows from Eq. (68) that
(Dzuf/th)i and ('c)u_/ax)i have the same sign because dF/dti > 0 is the
initial condition for the flame to propagate along the tube.,

We now use the conservation of mass expressed by Eq. (53) to
calculate the initial density behind the flame and show that the flame
produces a compression wave in virgin material as it propagates from the
wall. Setting Fi = (uf_)i = (uf)i = (0 and (Duf/l)t)i = 0 in the equation
obtained by differentiating Eq. (53) with respect to time leads to the
foilowing equations for the initial density behind the flame:

19
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(DF/Dt), - (Du [ /Dt)
£, i + i
and
: f
£ I’m/mpi
(P =0, r; (69b)
. (DF/Du+)i

Because (DE/Du ) > 0 it follows from Eq. (6Y9b) that (p ) < po, and
it then follows from Eq. (69a) that (Du /Dt) >0, It then follows from

the identity

f f ,
Du du Ju
_t._* S S 4

T = + (F u+)a ; (70)

that (duf/dt) = (Duf_/Dt)i > 0. Thus the particle velocity at the flame
front starts to increase and the defiagration starts to produce a

compressive wave ahead of itself.

The equation for the initial value of the particle velocity
gradient behind the flame is obtained by combining Eq. (68) with the
equation obtained by differentiating Eq. (53) twice with respect to time,

and making use of the continuity equation and the equations expressing

the rear-boundary conditions, After some manipulation the equation for

(Bu_lax)i can be written as

where B+ is defined by the equation p = p°5+. It follows from Eq. (71)

that (3u lax) < 0 In a closed tube tecause the term in braces > 0 and
(Duy /Dt) > 0. Thus the flow starts to develop with negative particle

20
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: velocity behind the flame, In the case when F satisfied equation (62) and
1% and o, satisfy Eq. (56) and (57), the initial value of the particle
) velocity gradient behind the flame is given by the equation

c Ap ¢ (72)
o 00

£
(3u_> _ 2 (Du+/Dt)i ApocO + 1
1 3

Equations for the pressure are readily obtained from Eq. (54)

‘ written as

pf-pf=tt @l o (73)

with M = oi (F - uﬁ). Differentiating Eq. (73) and imposing the rear-

boundary conditions leads to the equation

{ . £ £
! Dp, Dp_
, <3t~>1 =( D )i (%)

It follows from the identities

= f

L Dp, dp p
R 5 - £ _t 5
Dt dtg (- uy) 0% (75)
vp.  dp_ op_
EE_ = EE; + (F - u_) 5;; (76) 4;

that (Dpf_/'Dt)i = (dp+/dt)i = (Dp:/Dt)i = (dp_/dt)i. The isentropic

p+c+du+ can then be written at t = 0 as

condition dp+ =




T~
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and combined with Eq. (69) to obtain the equation

dp, de_ £ . fdF
(a—:—)i = (?ﬁ:—) ) =c, o, = (o)),] (a'g>i (78)

which shows that the pressure starts to- increase behind and in front of
the flame as the flame starts to propagate down the tube. The combination
of the energy equation, dp+/dt = - p+pi (3u+/8x), evaluated a* t = 0 with
Eq. (78) then gives the equation for the initial value of the particle
velocity gradient in front of the flame as

f
3u, o, = D] [pp
™), T e \Dt 79 :
i oo i &
Because 0y > (of)i, Eq. (79) shows that the initial value of the particle o}
velocity gradient in front of the flame is also negative. E
Differentiating Eq. (73) twice with respect to time and imposing A

the initial and rear-boundary conditions leads to the equation

2, £ f £ 2
RSN R 7). S W Y (80)
2 - po f Dt -
Dt i Du+ i
. .

Equation (80) shows that the pressure difference across the flame

initially increases as the flow develops.

2. Flames with ui Governed by a Power Law

The solution with the particle velocity at the flame front ui
governed by a power law of the form
f m
up s ot (81)
22




Sy R TN Y 3 S, UG T T IR T e TR ERS T e e e
. fliaadii

with o and m consldered as parameters was presented at the Seventh
Symposium (International) on Detonation held from June 16-19, 1981

at the United States Naval Academy, Annapolis, Maryland. Only a brief
account of this solution is given here (the paper presented at the

symposium is included as the Appendix at the end of this report).

Expressions for the burning rate and acceleration of the flame
glveu by Egs. (62) and (81) were used to construct a model solution for
the flow produced by s.. unsteady flame propagating in a closed tube.
Equations for the time the shock 1is formed in front of the flame were

derived, and a graphical method7, based on the particle velocity pro-

files, was used to determine the strength and position of the shock
at later times, The Hugoniot equation, Eq. (55) and the equation of
state Eq. (60) were used to calculate the time tr taken for the reaction
to procede to completion in the flame discontinuity. The time tR defines

the time interval 0 < t < t_ over which Eq. (81l) can be used to describe

the acceleration of the flaﬁe, Consideration of the evolution of the shock ;
preceding the flame after the time tR let to the postulate that the pressure
attained at the flame front when the reaction proceeds to completion in the 2
flame can be used to assess the probability ¢f the occurrence of DDT. :
Examination of particular solutions in the light of tnis postulate led to i
the conclusion that DDT depends strongly on the burning rate and will ;
probably not occur unless the burning rate parameter A exceeds a critical
value.

A

3. Flames Attaining a Constant Velocity F

For the sake of tractability, the model solutlon for flames
attaining a constant velocity was based on the followlng equation

governing the acceleration of the flame,

f
+

dt

dui

o
2
0

@k - ud) (82)

(o]

where o denotes a characteristic time and ﬁi 1s the particle velocity
at the flame front at the time t = t when F = ¥, The equation for the

23
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variation of the particle velocity ui with respect to time is readily
obtained as

| n R 2
X o f f
i (4) o

~

with t = (a/B)(uﬁ/co)z, by integrating Eq. (82) and setting t = t

when u, =y

Our model solutions are also based on the assumption that the

: flame attains its constant velocity F at the time t t., when the

R’
reaction is complete in the flame discontinuity, and thereafter propagates

Pl

at F. In this case, the condition, ui = ui when k = 1, can be used to

determine the values of u , F, and t asscciated with a prescribed value

+’
of the burning rate parameter A.

We will now derive the equations governing the flame trajectory
and the states attained behind the flame. It is convenilent to denote the
equations in the paper in the Appendix by the letter A. It follows from
Eqs. (Al6), (Al7), and (82) that the differentiul equation governing the

flame trajectory can be written as

dx uf uf uf
_f_9B _* _t =+ R SN

== D(c ) + 3(c ) + (c ) (u+ u+) (84)
du co o o] o]

where D = 3 + ¢ /B and B = Ac’ oo /5. ‘integration of the terms obtained
by expanding the right hand side of equation (84) allows us to write the

equation for the flame trajectory as

e =L =1
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uf uf V‘
D 4+ 1{ %
[o] (o] : -
and .
u uf uf 2
- _* D 3 + 11+
Iz‘as(c> 3+4(c) +5(c) 87)
o] o o

Setting ui = ui in Eqs. (85), (86), and (87) gives the distance taken

~

for the flame to attain the constant velocity F as

uf Uf 'l:f

. = 0B+ D_1{ '+ 1 [+

xf‘2<c> 3+2(c)+10<c> (88)
[¢] (o] [e]

Again the calculation of states behind the flame is based on the
assumption that (dp_/0x) = 0. In this case, the mass behind the flame
can be written simply as p_xf, and formulation of the conservation of
mass for the material that has passed through the flame front leads to
the following equation for:p_xf

f
e [* ¢ £, dt  f
p_X =/ oy (F-u+) — du+ (89)
du+
Q
Because p_ = pf » the density calculated from Eq. (89) can be used to

h

calculate u_ and pf from the jump conditions, Eqs. (53) and (54), and
these quantities can be used to complete tie characterization of the

u_ (x,t) and p_(x,t) fields behind the flame. We set ﬁ(uﬁ) = pi(F - ui)
for convenience, and use Eqs. (62), (56), and (57) to obtair the following

expression for ﬁ(ui) in terms of ui,
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VIR T _* ks _+ _t :
M(u+)—poB<c>3+6(c>+4<c) +<c) (90) .
o} o (o) o] : .

It is convenient after performing the integration in Eq. (89) with -
Eq. (82) and (90) to write the equatlon for p_xf as

(91)

and

(93)

(]
[
il
©
o)
o
Q
N
ol o
o
N
H
+
Nof o
N
n} =
o |+
e’
+
(CIE-S
T
nl 11
+
SN
o=
AN
(2] [~
O |4 ™
\/

The equation for the aensity p_when the flame attains the constant

velocity F is readily obtained from Eqs. (91)-(93) as

~g ~g 3

G ; SN
o . Baf T+ X 2 = 1l +
P Xf"po 2 (co ) 1+ <co)+5(co)+ 15<00> (94)

and combining Eq. (88) and Eq. (94) gives the corresponding equation

for p_ as
1+ (uf/c Yy + 2/5 (uf/c )2 + 1/15 (uf/c )3
p_=0p * o Af+° <z ;“‘ (95)
- 0
D/3 + 1/2 (u+/co) + 1/10 (u+/co) .
o4
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We are now in a position to construct particular model solutions
for flames attaining a constant propagation velocity. Values of the input

parameters used to generate these solutions are po =1.6 g/cc,

[}

C
o
pO

range 1 x 10~

2 mm/us, q = 54.69 kbar cc/g, vg = 8.4 x 10° celg, o = 10° s,

[}

1x 10—3 kbar, and values of the burning rate parameter A in the
3 1.2 x 10—2 mm/us kbar., Equations (95), A29), (61), (6la)

~

and (61b) and the condition ui = ui, when Af = 1, were used to calculate

values of ui for the prescribed values of the burning rate parameter A, and

the corresponding values of pi were used to assess the probability of the

occurrence of SDT. For values of ui in the range 0 f_ui f_ui, the flame

trajectory was calculated from Eqs. (85)-(87), and the states connected
by the flame were calculated from Egs. (85)-~(87), (91)-(93), (A28),(A29),
(6la), and (61b). Values of t, up, uf, pi, and pf . 4lculated with

different values of the burning parameter are given in Table 1.

Table 1
s ll+, U._ ’ P+, P_

CALCULATED FOR VALUES OF THE BURNING RATE PARAMETER A

ug u_ P, P_
mm/us kbar us mm/ s mm/ Us kbar kbar
5.5 x 1073 10.1  0.284  —0.043 0.4  10.1
1.0 x 1072 4h.b 0.596  =0.205 25.3 21.1
1.2 x 1072 80.2  0.801  -0.381  4k.4  25.4

N

Examination of Table 1 shows that the values of the shock pressures pi
for assessing the probability of DDT for the values of the burning rate
31,0 x 1072, and 1.2 x 10~2 mn/us kbar, are

respectively 10.4, 35.3, and 44.4 kbar. DDT is expected to occur when

parameter, 5.0 x 10~

the shock pressure pi produced by the flame is 44.4 kbar and perhaps
when pi = 25.3 kbar, but not when pi = 10.4 kbar. Here again, as in the
calculation presented in the Appendix, the dependence of pi on A shows
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that the probability of DDT depends strongly on the burning rate parameter,
and also leads to the conclusion that DDT will probably not occur in a

closed tube when A < 0.9 x lO-3 mm/ Us «

Theoretical Results and Conclusions

Equations governing flames treated as reactive discontinuities were

derived and physically interpreted.

Conditions for shock formation were established, and the compressive
flows produced by an accelerating flame and by an accelerating piston
were compared to provide a better physical understanding of the compressive

action of an accelerating flame.

Soluticns describing the one-dimensional unsteady flow produced when
an accelerating flame in a propellant or explosive contained in a closed
tube attains a constant propagation veloclty were constructed to model DST
and gain an insight into DDT. The flame was treated as a reactive
discontinuity, the flow in front of the flame was treated as a simple
compression wave, and the density gradient was assumed to be zero in the
flow behind the flame. The description of the flow 1s phenomenological
because the burning rate, the acceleration of the flame, and the density
gradient behind the flame must be prescribed to construct the solution.

But this treatment supersedes previous thermodynamic treatments by account-
ing for the flow behind the flame as well as for the flow in front of it.
Particular solutions were constructed for different values of the burning
rate parameter A. The value of the pressure at the flame front ;+ wben

the flame attained its constant propagation velocity after the time t

was used to assess the probabllity of the occurrence of DDT. The dependence
of ;i on A shows that DDT depends strongly on the burning rate and will
probably not occur unless the burning rate parameter exceeds a value of

approximately 1.0 x 1072 um/us kbar.

The model solutions presented in this report for the flow associated
with an accelerating reactive flame discontinuity provide guldelines for
assessing the probability of the occurrence of DDT in a burning propellant
contained in a closed tube, Questions regarding the applicability of
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these solutions to real systems must be considered, however, because the

extent of reaction in the flame discontinuity increases as the flow i
develops. In this case, the global assumptions made to model the flow
may be reasonable for composite propellant containing components with

markedly different reaction rates.

A more fundamental theoretical study of the flow produced by an
unsteady flame must be undertake to obtain a more basic understanding
of DDT. Questionsregarding the treatment of a flame as a reactive
discontinuity and the application of a steady-state burning rate
expression to an unsteady flame must be addressed in this study, and a
more realistic model must be developed for predicting the trajectory of

the unsteady flame and the flow fields it produces.
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IIT EXPERIMENTAL WORK

Initially the experimental studies were delayed because we could not

find a source of propellaunt for the Lagrange gage experiments. Protracted

negotiations to obtain HMX-based propellant for the DDT experiments from

DR T ]

Lawrence Livermore National Laboratory LLNL were unsuccessful for the

foliowing reasons:

Propellant was in short supply.

The machining costs and times to meet tolerances
in the dimensions of propellant samples (needed to
construct the DDT gage assemblies) were prohibitive.

W e .
eyt ot O

We subsequently found a source of HMX propellant at Edwards Air Force
Base (EAFB), and personnel there agreed to provide the propellant required
for this program. After discussions with EAFB personnel, we concluded
that the usual method of constructing targets for Lagrange gage experi-

ments from machined pleces was not practical for HMX-based propellants.

Hence, an assembly based on casting rather than machining the propellant
was designed to eliminate the complex machining and grooving operations
conventionally used in constructing targets for Lagrange gage experiments.
Assemblies consisting of acrylic tubes contalning the stress gages and ;
lonization pins were constructed and sent to EAFB to be filled with
propellant, A gas gun experiment with Lagrange stress gages embedded in

a propellant sample obtalned from LLNL was also performed to test the

gage configurations in the DDT experiments. The pressure histories
recorded in this experiment validated the use of the gages in the config-
urations designed for the DDT experiments. DDT experiments with the filled
*
assemblies obtained from EAFB were performed in steel and Lexan tubes -to:
® Record stress-time profiles in a propellant as it

underwent the transitior from deflagration to
detonatinnm,

e Measure flame trajectories in propellants undergoing
DDT,

*
Lexan is the trade name for polycarbenate manufactured by General Electric
Co.

T T T T T A
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The experiments performed in steel tubes will be presented, followed by

those performed in Lexan tubes.

A. Experiments in Steel Tubes

7 The expefimental arrangement 1s shown in Fig. 1, It consisted of a
. thick-walled steel confinement tube, end plugs, an igniter cup, a PMMA
tube containing the propellant and stress gages, and bolts and nuts to
clamp the end plugs tightly to the confinement tube. The experimental

arrangement will now be presented in more detail.

1. DDT Confinement Tube

The confinement tube was made of 4142 steel. It was 28 in,
long with an inside diameter of 3 in. and an outside diameter of 7 in.
The confinement tube, end plugs, and clamping bolts were designed to
confine the high gas pressures, whicl. were generated by the igniter and
by the burning propellant, until pressures of the order of thousands of
bars were reached. The inside diameter of the tube was large enough to
make any diameter effect on burning negligible and large enough to exceed
the critical diameter of the propellant. The end plug at the igniter end
had a hole through which the igniter leads were passed.

2. Igniter

The igniter material was a mixture of boron and potassium
nitrate with a laminac=lubersol binder obrained from Polytechnic
Specialties in Byron, Georgia, The mixture was 22.7% boron, 71.7%

potassium nitrate, and 5.6Z binder. This mixture generates about

o 1600 cal/g of material, About 10 g of the igniter powder was placed

in a Lucite cup lined on the bottom with a nichrome heating ribbonm.
The cup had an inside diameter of 2.5 in, and a depth of 0.25 in, The
nichrome ribbon was about 11 in. long, 0.06 in, wide, and 0.007 in.
thick; it had a resistance of about 1 ohm.
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The igniter material was thermally initiated using a 28 V, 5 A., dc

power supply to actuate the nichrome heating ribbon.

3. Propellant Tube and Propellant

The Lucite tube used to contain the propellant inside the steel
DDT tube is shown in Fig. 2 as 1t appears before the propellant is poured
into it. This tube is a casting mold for the propellant and a jig for
holding the gages during casting. The main section of the Lucite tube is
10 in. long and has an inside diameter of 2 in. This section was slit
lengthwise down the center of the cylinder to support the gages. Three
ytterbium stress gages were glued to a sheet of Kapton,* their leads
insulated from one another by additional pieces of Kapton. The resulting
Kapton sheet with gages was then glued between the two Lucite half
cylinders, as shown in Fig. 2, The stress gages were located 1, 2, and
3 in, from the end of the cylinder. The gage leads were attached to Twinax+
coaxial cable and potted with epoxy inside a Lucite backing tube that had
an outside diameter of 2.25 in. (Fig. 2). The backing tube was to delay
the arrival at the measuring stations of stress waves reflected from the
end of the DDT tube. The entire assembly, propellant and backing tube,
was 22.375 in. long. Three ionization pins were placed in the tube at
points that were 0,25, 0.5, and 0.75 in. from the end.

After the stress gages and ionization pins were emplaced, the
tubes were sent to EAFB, where the propellant was cast into them. Our
original plan was vo use propellant contailning approximately 50% HMX.
However, because of the propellant classification regulations in force
at the time, the propellant we obtained contained approximately 12% HMX.
A number of l-in.-long sections of Lucite tube of the same diameter as
the propellant tube were also sent to EAFB. These l-in. sections, termed

add-on sections, were filled with either solid or powdered propellant.

*
Kapton 1s a registered trademark of Du Pont for polyimide film.

+Twinak is a two-conductor-shielded coaxlal cable manufactured by
Trompeter Electronics.
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The powdered propellant supplied for the experiments exhib'ted a rate of
pressure rise of 2.5 x 106 psi/sec in a quickness test performed by
personnel at EAFB., Each of the l-in. add-on sections contained four
ionization pins. The pins, 0.25=-in. apart, were used to measure the
burning rate in the propellant. The purpose of the add=-on sections is

described in the next section.

4.  Experimental Arrpugement

Two l-in.-iong add~cn sections were added in front of the
10-in. main sectlon of =zolid propellant in each experiment. We nsed
various combinations of powdered and solid filled add-on sections to
vary the burning rate in the propellant. Three experiments were
conducted; Table 2 gives the arrangemeunt of the propellant-add~on sections.
The 10~in. main section, in which the stress gages were emplaced, was

used in all experiments.

The add-on sections were taped to the i0-in. solid-propellant
section, and a light pipe was epoxied to the outside of the combiaed
cylinder, flush with the iéniter end of the propellant tube. The entire
propellsnt tube--containing stress gages, ionization pins, and light
pipe--was then placed inside the steel DDT tube so as to butt against
the igniter (see Fig. 1). After alignment, the cavity between the -
propellant tube and the inside diameter of the steel DDT cylinder was
filled with epoxy. We used stycast low viscosity Resin No. 302C with
catalyst No., 9.* Because this epoxy has a low exotherm temperautre
(v30°C) it was safe to use with the propellant. A dummy igniter was
used to hold the compon~rnts in the proper positions during the epoxy
pour. After the epoxy had hardened, the dummy igniter was removed and
the real igniter was inserted and the end caps bolted toge:.her, The
bolts, 1.25 in, in diameter, were torqued to 1,000 ft=-l1b each. The
leads for the stress gages and ilonization pins exited through the end
cap opposite the igniter as shown 1un Fig. 1. The space around the

leads was filled with epoxy.

*
From Emerson and Cummings, Inc., Gardena, CA 90248,
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Table 2

ARRANCEMENT OF PROPELLANT SECTIONS
IN STEEL CONFINEMENT

Experiment Number

Propellant Section 1 2 3
First Add-On Section so11d? Powderedb Powderedb
Second Add=On Section Powderedb Powderedb Solida

aDensity -~ 1,95 g/cm3.

bDensity = 1,51 g/cm3.
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5. Instrumentation

The signals from the stress gages and lonlzation pins were

v

recorded on oscilloscopes. The sijgnal from the light pipe, produced B ~ .
when the burning in the igniter mixture reached the igniter-propellant
interface, was used to trigger the oscilloscopes; the oscllloscopes )
recorded the stress gage signals. The power supplies for the stress
gages were turned on by the "gate out" from the oscilloscopes recording

the stress gage signals. The oscllloscopes that recorded the .ionization .

A L T

pins were internally triggered by the signal coming from the first pin
that closed. One oscilloscope, triggered by the signal from the light

plpe, recorded the signal from the pius. This record was used to '-tim'e-f

correlate the stress gages and the ilonfzation pimns.

6. Results and Interpretation of Experiments in- Steel Tubes

B
14
%
&
1
¥
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Table 2 shows the arrangement of cracked and solid propellant

O
PYLh g ey

in the three experiments that were performed in steel tubes.‘ The resuilts. .- \Vi:;;{:.-n

of each experiment will be discussed and then some general conclusions -:‘_ i,ffﬂflg
. . . . - S e 2

will be given. e §

In the first experiment, in which we had expected stresses in

s

the order of 40 kbar, the stress gages recorded stresses of only about

5 to 7 kbar. Such low stresses indicate that the burning did not produce

Rrren Pt I A

high~order detonation. Because the instrumentaticn was set for the
expected high stresses, the stress gage records obtailuned were not

optimum quality. No pin records were obtained from this expariment.

Examination of the recovered hardware indicates that at someg

point during the experiment, venting occurred between the steel DDT

cylinder and the end cap at the igniter end. The hardware was recovered

still completely assembled, but the bolts had stretched under the internal

pressure generated by the burning igniter and propellant. After the

experiment, there was a 0.125~1in. gap between the igniter end cap and . R '-;'
the DDT cylinder. Markings on the hardware indicate that the igniter -~ :
cup was forced backward and that the hot gases escaped between the. . . - ;-ii
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igniter cup and the DDT cylinder. These escaping gases eroded the surfaces
of the cup and the inside of the DDT cylinder. Figure 3 shows the loose
fit between the igniter cup and the steel cylinder; the preshot tolerarce
of this fit was 0.003 in. Figures 4{a) and (b) show that the hot escaping

gases also eroded the end cap and the bolts.

Although stronger bolts we§e used in the second and third

.experiments, venting still occurred and the recovered hardware looked

the same as that in the first experiment. The hot escaping gases eroded

“parts of the end cap, the bolts, and the igniter cup. Interestingly,

we recovered pleces of Lucite from inside the confinement cylinder that

did not look as if ‘they had been melted.

Stress gage records were obtalned from all gages in the second and

third experiments. Figure 5 shows the oscilloscope records from Experi-
ment No. 3 and Fig. 6 shows the corresponding reduced stress-time profiles.
The data in Fig, 5 and 6 indicate a steady state of stress at each gage
position about 100 to 200 usec after the initial rise. The steady state:
of stress decreases from gages 1 to 3, however, indicating that the
propellant maintains a stress gradilent, Gage 3 from experiment 3 recorded

for the longest time-—about 900 usec.

The stress waves arrive at the gages much sooner than the flame
front. In the first experiment, the stress waves arrived at gage 3 (the
best record) about 480 usec after the flame reached the igniter-propellant
interface. In the second and third experiments, the stress waves arrived
_at the gages just when the flame reached the igniter-propellant interface.
Two reasons for this difference are suggested, In the first experiment,

-weaker bolts were used and the venting may have occurred early, causing
a slower pressure buildup. Also, in the first experiment the first
propellant add-on section after the igniter was solid propellant, whereas
in the second and third experiments the first add-on propellant section
was powdered propellant. Thus, the gas generated by the igniter might
have entered the propellant more readily in the latter twe experiments,

resulting in the earlier generation of stress waves.

[
R

AN S

1




(GNITER"®

. e

STEEL CONFINEMENT CYLINDER

MP-6069-2

FIGURE3 POST-SHOT PICTURE SHOWING LOOSE FIT BETWEEN IGNITER CUP AND




b sl 2 v ey T Bt v R AT AT T YIRS T BT TI M AT g A T R TR e -
!
(a) END CAP .
S O OO O O O O 0 e
(b) HIGH STRENGTH BOLTS
MP -6089-3
S FIGURE4  POST-SHOT PICTURES SHOWING ERQOSION OF END CAP AND BOLTS
, BY HOT ESCAPING GASES
. 41




v
Y

(c) GAGE 3
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FIGURE 5 OSCILLOSCOPE RECORDS FROM STRESS GAGES IN EXPERIMENT 3
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Good quality ionization pin records were obtained for experi-
ment No. 3. Seven pin signals were recorded; the results are shown on
a distance~time plot in Fig. 7. There 1s a declded change in slope in
the pin results at about 900 usec. The burning rate determined from the
pin data (ignoiing the first pin) up to that point was 0.068 mm/usec. -
After about 900 usec, the burning rate slowed to about 0.021 mm/usec.

7. Lagrange Analysis

The Lagrange stress histories based on experimental data, shown
in Fig. 6, were used in a Lagrange analysis to calculate Lagrange particle
velocity histories, Lagrange stress—particle velocity paths, and Lagrange
stress-specific volume paths in compressed propellant ahead of the flame
front. In this Lagrange analysis, the momentum equation [equation (30)]
is integrated with the stress gradiert that is estimated from the stress
records to generate the particle velocity histories at the gage positioms.
The continuity equation [equation (29)] is then integrated with the
particle velocity gradient that is estimated from the particle velocity

histories to generate the specific volume histories at the gage positioms.

The elimination of time between the stress histories and the particle -

velocity histories gives the corresponding Lagrange stress-specific volume
paths, The (u,t) profiles calculated from the (0,t) records are shown

in Fig. 8, and the corresponding Lagrange (0,u) paths and Lagrange (0,v)
paths are shown in Figs., 9 and 10.

Examination of these profiles shows that the flame produces a

compression wave ahead of itself as it propagates along the tube. The

stress at a glven gage posltion builds up to a constant value and a constant
Lagrange pressure gradient 1s formed in the compression ahead of the flame.
A shock 1s not formed in front of the flame because, as shown in Figs. 9

and 10, the propellant satisfies the conditions (820/8u2)h < 0 and
(azc/avz)h < 0 in the pressure range produced by the flame. The limited
buildup in pressure is attributed to the relatively small amount of HMX

in the propellant, Shock formation is expected at higher pressures in

this propellant, however, because these second derivatives become positive

as the pressure increases.
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B. Experiments in Lexan Tubes

The propellant KW=~6 used in these experiments contained 50% HMX.
The confinement was changed from steel to Lexan for this propellant with
the higher percentage of HMX to make the experimental configuration much

L T lighter and more manageable. The experimental arrangement is showm

schematically in Fig. 11. It consisted of a thick-walled confinement

tube of Lexan polycarbonate, a PMMA tube containing ionization pins and
propellant, an igniter cup, aluminum end plugs, steel end plates, and

: o bolts and nuts of clamp the end caps and plates tightly to the confinement

tube.

1. DDT Confinement Tube

¢

? , The confinemert tube was made of Lexan, a polycarbonate. It

: was 18~-in. long with an outside diameter of 6 in. and an inside diameter
5. of 3 in, The confinement tube, end plugs, end plates, and clamping bolts
? : were designed to confine the high gas pressures, generated by the igniter

and by the burning propellant, until pressures of the order of thousands

f of bars were reached. The inside dlameter of the tube was large enough

to make any diameter effect on burning negligible and large enough to

i i exceed the critical diameter of the propellant.

Two Viton* o~rings were placed over the confinement tube at the
igniter end to form a temporary gas—tight seal between the confinement
tube and the aluminum end cap (see Fig.1ll). The high temperature per-—
formance of the Viton o-rings would seal against the hot gases for the
life~time of the experiment (several seconds). Double o-rings were used

]

i' to extend the lifetime of the seal.
|

t

The end cap and steel plate of the igniter end had holes through

4 : which the igniter leads and light pipe passed. At the oppesite end, the
: 4 end cap and steel plate had exit holes for the lonization pin leads and

the stress gage leads.

et

1 ) .*
) Viton - Trade name for Fluorelastomer manufactured by E. I, duPoat de Nemours
iy and Co. Inc.
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2. Igniter

The igniter material was a mixture of boron and potassium nitfate'

with a laminac~lubersol binder obtained from Polytechnic Specialities in
Byron, Georgia. ‘The mixture was-22.7% boron, 71.7% potassium nitrate,

and 5.6% binder. This mixture generates about 1600 cal/g of material.
Approximately 16 g of the igniter powder was placed in a Lucite cup lined
on the bottom with nichrome heating ribbon. The cup had an inside diameter
of 2 in. and a depth of 0.5 in. The Lucite cup was placed in a steel cup
which fit inside the Lexan confiiement tube as shown in Fig. 11.

The nichrome heater ribbon was about 1l-in. long, 0.06-in. wide,
and 0.007-in. thick, with a resistance of about 1 ohm. The igniter leads
were brought out the rear of the igniter assembly through the aluminum
end plugs and steel end plates. The igniter material was thermally
initiated using a 28-volt, 5—-amp dc power supply to heat the nichrome
ribbon.

3. Propellant Tube and Propellant

The PMMA tube used to contain the propellant inside the Lexan

confinement tube 1s shown in Fig, 12. This tube was to serve as a casting -

mold for the propellant and a jig for holding the ytterbium stress gages
during casﬁing. The main section of this tube was 2-in. long and the out-
side diameter was 3 1in., This section was slit lengthwise down the center

of the cylinder to support the gages.

Four ytterbium stress gages were glued to a sheet of Kaptonf
their leads were insulated from one another by additional layers of Kapton.
The resulting Kapton sheet with gages was then glued between the two PMMA
half cylinders, as shown in Fig. 12(a). The stress gages were located 1,
3, 5, and 7 in, from the end of the cylinder. The gage leads were attached
to Twinax+ coaxial cable and potted with epoxy inside the last 4 in. of_
the PMMA tube. The backing tube was to delay the arrival af the gages of

stress waves reflected from the end of the tube.

PE— A
Kapton is a reglstered trademark of DuPont for polyimide film.

+Twinax is a two-conductor shielded coaxial cable manufactured by Trompter
Electrounics.
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The ytterbium gages were cut from 0,002-in.-thick ytterbium
foil. Each gage was 0.6-in. long with four legs (see Fig., 12(1)). The
two outside legs of each gage were comnected to the gage power supply.
The gage voltage was measured across the two inside legs. The resistance

of each gage was approximately 0.25 Q.

A 3-in.-long PMMA section was placed in front of the gage section
of the tube. This short tube section contalning ionization pins is shown
in place in Fig. 12(b). A groove was cut in either side of the PMMA pro-
pellant tube and short tube in which the ionization pin leads were placed
as shown in Fig. 12(b). By placing the leads in grooves, the whole

assembly could be inserted into the confinement tube.

Ionization pins were placed on either side of the short section
so that the pins were 1/4-in. apart as shown in Figure 13. The pins
were cemented in place in steel collars with Eastman 910. The lead ends
of the pins were bent flush along the bottom of the grooves and the leads
were epoxied in the grooves along the sides of the short tube and the
propellant tube as shown in Fig. 12(b) and Fig, 13, '

After the stress gages and ionlzation pins were emplaced, the
tubes were sent to EAFB, where the propellant was cast into them. The

propellant KW-€ contained 50% HMX.

4,  FExperimental Arrangement

The tubes filled with propellant were sent to us by Lt. Steven
Cliff of EAFB. The propellant was cast into three of the long PMMA tubes
and two of the short PMMA tubes. The density was 2.27 g/cm3. The other
tubes of each kind were filled with powdered propellant packed to a density
of 65% of the cast density. By using combinations of powdered and cast
propellant, we hoped to control the burning rate in the propellant and
observe the effect on stress wave propagation and buildup at the ytterbium
gage positions, Five experiments were conducted with the combinations
shown in Table 3. '
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Table 3
) y ARRANGEMENT OF PROPELLANT SECTIONS IN LEXAN CONFINEMENT ,
}’ ‘ Experiment Number
0 Propellant Section 1 2 3 4 3
Short=Pin Section Cast Powdered Powdered Cast Powdered
Long~Gage Sectlon Cast Powdered ©Powdered Cast Cast 1
1
1
:
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The short sections containing the ionization pins were placed
at the appropriate end of the long sectlon containing the ytterbium gages,
and the pin leads were dressed in the grooves along the side of the long
tubes as shown in Fig., 12(b). This assembly was inserted into the Lexan
confinement tube, The igniter assembly was fitted in place, the o-rings S
placed on the confinement tube, and the end plugs and steel end plates A
put in place and bolted together. Figure 1l4(a) shows the components ‘
arranged for assembly and Fig. 14(b) shows them assembled with 2 of 6
bolts installed. The bolts were 3/4-in. diameter and were torqued to
500 ft-1b each.

5. Instrumentation

The signals from the stress gages and lonization pins were
recorded on oscilloscopes and also on a 500- kilohertz Fm tape recorder.
The signal from the light pipe, produced by the burning igniter mixture,
triggered the electronics. The oscilloscopes recording the lonization
pins were triggered promptly while the oscilloscopes recording the stress -
gage signals were triggered through appropriate delays. The power supplies
for the stress gages were turned on by the "gate out" from the oscilloscopes N

recording the stress gage signals.

The tape recorder has essentially an "infinite" time coverage,
so it was triggered promptly by the signal from the light pipe. The
ionization pins were coded and recorded on two separate chanmnels. Each
stress gage was recorded on a separate channel, The results from the
tape recorder were used to time-correlate the stress gages and ionlzation

pins.

6. Results and Interpretation of Experiments in Lexan Tubes.

Table 3 shows the arrangement of cast and powdered propellant
in the five experiments that were performed. Pin records were obtained
in all of these experiments but ytterbium gage records were obtained in
only the first three. The pin records were used to calculate burning

rates. The gage records were used as input in a Lagrange analysis to
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integrate the equations of motilon, equations (29) and (30) and determine

the states produced in front of the flame, Values of the particle velocity

and specific volume calculated from the gage records in the Lagrange ‘
analysis were, however, found to be unrealistic. The calculated particle

velocities were much too high and the calculated specific volumes were a
much too low. These unrealistic values were obtained because consecutive

gage records are separated by times about a factor of 5 greater than

those expected in a one-dimensional compression or rarefaction wave.

Because the gage histories measured by the oscilloscopes and the tape

recorder agree, and no such problem was encountered in the DDT experi-

ments performed in steel tubes, we conclude that the Lexan tube did not

provide one-dimensional confinement to the propellant in front of the

flame. For this reason, we only present here the burn velocities, the

maximum stresses calculated from the gage records, and the velocities

between gages in uncompressed propellant calculated from the gage records.

These data are given in Table 4.

Examination of the Lexan tubes after the completion of the
experiments led to the conclusion that while DDT did not occur in
experiments 1, 3, 4, and 5, it may have occurred in experiment 2 with .
the higheét calculated pressure. Although the burning rate was higher
in experiment 3 than in experiment 2, venting occurred in experiment 3

at the end of the tube housing the gage-leads.

We conclude that Lexan does not provide the confinement required
for a successful Lagrange gage study of DDT, and we recommend the use of
steel-confining tubes in any such study that may be undertaken in the

future,
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EXPERIMENTAL RESULTS FOR LEXAN CONFINEMENT

Experiment 1
Experiment 2
Experiment 3
Experiment 4

Experiment 5

*
From arrival lines.

+Gage Stretched.

3No gage records were obtained.

Table 4

Burn Maximum Wave
Veloclty  Pressure Velocity
(mm/ys) (kbar) (mm/ys)
0.066
0.045 1.9 0.5
0.12 >35 0.22
0.18 4 0.2
0.07 -2 -
0.06 -2 -
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PHENOMENOLOGY OF THE DEFLAGRATION TO DETONATION
. *
. TRANSITION IN PR.PELLANTS AND EXPLOSIVES

M, Cowperthwaite
SRI Interpational
Menlo Park, CA 94025

Model solutions are presented for the deflagration to shock transition (DST)
process assoclated with the propagation of an accelerating flame in propel-
lant contained in a closed tube. The flame is treated as a reactive discon~
tinuity, the flow in front of the flame as a simple compression wave, and
the density gradient in the flow behind the flame is assumed to be zero.

The solutions are based on expressions for the burning rate and the accel-
eration of the flame and are valid until the time the reaction becomes com-
plete in the flame. Consideration of the evolution of the shock preceding
the flame after this time led to a postulate for assessing the probable
occurrence of the deflagration to detonation transition (DDT)., Examination
of particular solutions in the light of this postulate showed that DDT de-
pends strongly on the burning rate and will probably not occur unless the
burning rate parameter exceeds a critical value.

INTRODUCTION a shock wave and the properties of this shock
satisfy the conditions required for the occur-
' The deflagration to detonation transition rence of SDT. The condition for shock formation
: (DDT) in a propellant or explosive is said to is thus not a criticality condition for DDT, and
occur when the propagation of a flame results in the shock must be characterized to assess the
the formation of a detonation wave in front of prnbability of the occurrence of DDT, It is for
the flame. Significant events envisaged in the this reason that our present phenomenological
evolution of DDT are as follows: treatment of DDT is restricted primarily to am
analytic treatment of DST.
¢ The formation of an accelerating flame .

by an uunsteady burning process.
TREATMENT OF DDT
® The formation of a shock wave in unburnt

material by the compressive action of the Our approach is based on the premise that
accelerating flame in the deflagration to the dynamics of the flow behind and in front of
) shock transition (DST). an accelerating flame must be considered to char-
: acterize the shock formed in front of the flame
® The formation of a detonation wave in and assess the probability of DDT. In this case,
waterial ahead of the flame by the shock an gnalytical treatment of DDT must wodel the
to detonation transition (SDT). accelerating flame, and the unsteady flows on both 4
sides of it. The model for these unsteady pro- 1
We are concerned in the present paper with cesses used in the present paper is based on the
the occurrence of DDT in a burning propellant con- model formulated by Jomes [1] to investigate the
tained in a closed tube., Our approach to this DDT process in gases. We treat the flame as a
problem is based on the premise that it is valdd reactive discontinuity, the flow in front of the
to model DDT by the above chain of events when flame as a simple compression wave, and we assume
the burning process is subject to the confinement that the density gradient is zero in the flow
. provided by a closed tube. In this case, DDT will behind the flame. The one-dimensional differen-
not occur unless the accelerating flame produces tial equations governing this type of flow in a
¢ closed tube can be solved when a relatiomship for
R ry the burning rate is known and the acceleration of
This work was supported by the Air Force Office the flame is prescribed. The validity of such
’ of Scientific Research under Contract F49620-77~ solutions must be questioned as the flow develops
i C-0039. however because the equation used to prescribe the
65
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acceleration of the flame may become incompatible
with the Hugoniot equation expressing the balance
of energy across the flame. The solution pre-
sented here 1s only valid until the time (tg)

the reaction becomes complete in flame because
the Hugoniot equation shows that the extent of
reaction increases in the flame as the flow de-
velops. Particular solutions were comstructed
and examined over the time intervals defined by
the reuction times to determine the times taken
for shock formation in front of the flame, and the
position and strength of these shocks at later
times. The strength of the shock when all the
chemical energy is liberated in the flame is then
used to relate the probability of DDT to the
burning rate. Our treatment is phenomenological
but supercedes previous thermo-hydrodynamic treat-
ments [2-4] by making the states attained across
the flame compatible with the differxential equa-
tions governing the conservation of mass and mo~
mentum in the flow behind the flame as wull as with
the rear-boundary particle velocity condition in
the closed tube.

SOLUTION FOR DST

We let the superscript £ and F denote res-
pectively the flame discontinuity and its propa-
gation velocity, and we let the subscripts + and
- denote quantities In front of and behind the
flame. States across the flame are related by
the Rankine~Hugoniot jump conditions written as

pEE - ud) = ol - o) m
-l ofr-ddel-d @

2t - fy =6l +ehol -VhH @

where p, u, p, and e denote density, particle
velocity, pressure and specific energy, and v »
1/p denotes the specific volume. We let ¢ de -
the sound speed and the subscript o denote the
initial state in the propeilant, and we assume
that the propellant is governed by a Murnaghan
equation with an index n = 3. The equations for
Py Ppr €, and the slope of a forward facing C+
chnractertstics G, + c,)in the simple isentropic
compression wave can then be written as

czp u 3
) .+
P, 3 <l-rc°>-1 +p(J (4)
Yy
o, = po (.l + *(:-; (5)
N (p, = pylvy
e, " ey
2
(p ¢ - 2p)
LL e (v, = V) (6)
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u, + e = ¥+ Zu+ €))]

We denote the extent and heat of reaction by A
and q, assume that the reaction products are
polytropic with an index k = 3, and write the
equation of state for material behind the flame
as

(pv) _ Ap v p v, (p))
e e -iq+— --3—3-(1-)—~g+
(Cip 2y
+ =N 25—, () - v (8

where v+(p_) is written to denote that the volume
of the propellant is related to the pressure by
the same equation on both sides of the flame and
v’ denotes the specific volume of the detonation
products in their standard state. The combination
of Egs. (3), (6), and (8) allows us to write the
extent of reaction ii, the flame as

Af = aef /ot )
where Qf = [2q + po(vg - vo) + (cio° - 3p°) X
w, 05 = v )] %
and 8T = [(p_ + p)(v_ ~ v + (pv)_ - (pv), +
(2o = 3y (e 1f %

with f written as a superscript on the bracket
for notational convenience.

We let x and t denote Eulerian distance and

time so that F = dxf/dt. In contrast to Jones [1],

we assume that the burning rate is related to the
particle velocity and the pressure at the flame
front by the equation

f f
F=u + A(p+ - po) (10}

where A is a parameter. The assumption that the

pressure exponent in Eq. (10) is 1 is not neces-
sary but is made here for convenience.

We prescribe the acceleration of the flame
by the assumption that the particle velocity at
the flame front is governed by a power law of the
form

u, =qt (08 )}

with o and m considered as parameters.

We are now in a position to construct the
solution for the flow produced by our accelera-
ting flame, We write the differential equations
for the flow in front of the flame as

o 3 du
+ + <
AR

.;J .‘




du du s p :
_+ _* ~1jdp) _"+
e Tu gt ey dp)+ = -0 a3

to eatisfy the lsentropic condition, and we write
the differential equation for the flow behind the

flame as
9p_ du_
—ﬁ—i-p—'-g;‘() . (116)
du_ ou_ -1 dp_
W+u~§—+p_ E(“= 0 (15)

to satisfy the assumption that 3p_/3x = O behind
the flame. It is convenient to construct the
solution in terms of ul rather than t. The pro-
cedure is as follows: ' (1) calculate the flame
trajectery, (2) calculate the time for shock for-
wmation tg in front of the flame, and (3) calcu-
late tke density behind the flame to Aetermine
the burnt state, the u_(x,t) and p_{(x,t) filelds
behind the flame, and the reaction time tgp.

We will now carry out these steps in detail:
(1) Calculation of the Flame Trajectory

We first combine Eqs. (4) and (10) to
derive the following equation for the flame speed
in terms of uf,

+ 2 3

[ “f Uf Uf
F‘B(3+§%§+3<§> +Q§> (16)
[+

[} o

where B = A czp /3. The exponent of the pressure
in Eq. (10) w3s®assumed to be 1 in order to ob-
tain this simple expression for F. We combine
Eq. (16) with the identity

f
(dx> - pdt an
du £
+ du+

to obtaln a diffarential equation for xf and in-
tagrate it with

1-m
éf m
_S‘.Ef_.c_‘". 18)
du o
+

and nC = (o) /(e ) T gerived from Eq. (1)
to obtain the following expression for x°,
Lim
f\m
#f = mace [ [~~—-(3 * 5o/
o ¢, L l+m
(19)
LN SV
+ 3 i) TR | -+
1+ 2m ¢, 1+ 3m <o J
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The equation- for the position of the flame as a

function of time is simply obtained by combining

_Eqs. (19) and (11).

(2) Shock Formation in Fruat of the Plame

A shock is formed in the rcompression
wave ghead of an accelerating flame when the pro-
pellant satlsfies the condition (dzp/dpz)4.>0 be~
cause the C; characteristics emanating from the
flame front form an emvelope. Since the discon-
tinuity occurs in the flow where 3x/%u, = 3%x/du?
= 0, applicarion of these conditions to the par-
ticle velocity field determines the position xg
and the time tg of its formation. When Egqs. (12)
and (13) are integrated by the method of charac-
teristies from the flame front, the particle
velocity field in the compression wave can be
written as ’

x = (c° + 2u£)t + f(ui) (20)

with f(ui) - xf - (gp + Zuf)tf and xf and tf de~

fined in terms of uf by qu. 19) and (11). For-
mulating the conditions 9%/t = azx/a(u_{)2 =0
with Egqs. (20), (19), and (1i) leads after some
manipulation to the equations

£ £
F(u+) - (co + 2n+) dtf

£ £
ts(u+) =t - 3 d_f (21)
Uy
£ £
2(m + l)u+ . F(uf) ) m dF .
(@-1) + T @ F T % ¥
+ (22)
a2t
t2- 0
du)
vhere
At - arf G ef et act
£ ° F o foamdt =w
d(u+) muy du+ du+

When m = 1, and dztf/d(uf)2 = (0 everywher: in the
flow, the equation for the envelope of the char-
acteristics written 28 .

£ f [ SR 4
x=ct + x + (2u+ - F(u+))t (23)

shows that the shock is formed on the first char-
acteristic where tf = xf = ui = 0. Setting

tf = bf = yf = F(ui) = 0 in Eq. (21) then gives
the time the shock 1s forwed ou the first char-
acteristic as

c
o g
ACEE - (24)
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When m + 1, the condition

ot
2(m + l)u

- % +_d_F_.

CER AT Coi i T

must be solved to find the particle velocity

(uf $)gs and the characteristic associated with the
discontinuity. The time the shock is formed tg
can then be calculated from Eq. (21) and the po-
sition where it is formed can be calculated from
By. (20), Attention in this paper is focused on
the case when m = 1.

The evolution of the shock after t; is
detzrmined by applylng a graphical method [5? to
the region of the simple wave where the particle
velocity becomes double valued. In this graphi-
cal method based on a weak shock approximation,
the position of the discontinuity i the (u, - x)
plane 1s determined by the condition that the
oreas between the (u, - x) profile and the dis-
continuity are the same on both sides of the dis-
continuity.

(3) Calculation of States Behind the Flame

The calculavion of states behind the flame
is based on the assumption that (8p_/8x) = 0.
In this case, the density p_ can be readily cal-
culated from an equation eépressing the conserva-
tion of mass. Since p_ the caleylated den~
sity can be used to calculate uf and pf from the
jump conditions, Eqs. (1) and @, and these
values can be used to ccmplete the characteriza-
tion of the u_{x,t) and p_(x,t) fieldsbehind the
flame. The following expression for p_,

Yy
p_ xf “j pf (F—u ) --—— c\uf T (26)
du

is obtained as an integral expression for the
conservation of mass by equating the mass behind
the flame with the mass that passed through the
flame front, The mass behind the flame can be
written simply ac o xf because p_ can be taken

s
outside the integral ‘f p_dx when (3p_/3x) = 0.

o
When the integration in Eq. (26) is performed,
P can be written in terms of u  as

Liml £
£ BCcm Ei m 3, 6 gi
p_(u) = oy NG v T Tvmm\c
x {u) o L
¢ 2 uf 3
o T (21

PN s I e B
(143m) <, (1441 o

with xf (u}) given by Eq. (19). The combination
of Eqs. (27) and (19) gives the equation for the
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density ratio P /p0 in terms of u£ When p_/p_
is known, the folidwing equations obtained from
Eqs. (1), (2) and (10), .

0, /o :
£ f f :
e - aof (e - @
£ -
2 (e, /o
£ £ t £ +
.- Py~ o, (A p+_) (-ﬂp—o -1 {(29) y
Py :
can be used to calculate uf and pf as a function
of ui.

The assumption that p_ = p_(t) is also used

to construct the equations for the particle velo- -

city and pressurc behind the flame. It follows

from Eq. (14) that the particle velocity gradient

behind the flame is only a function of time and
can be written as .

du_ . 4
% = n(t) . {30)

Integrating Eq. (30) and making use of the boun-.
dary condition u_= 0 at x = 0 gives the equation
for the particle velocity field behind the flame
as .

u_ = n(t)x © @D

where N(t) = u (t)/x (t) and 0 < x < xf. Inte-
gration of #q. (15) with the expression for the
acceleration derived from Eq. (31) then gives
the equatlon for the pressure field behind the
flame as ) :

p .
= pf(t) + —5”- (n + ﬂ)((xf(t)z— xz) (32)

When pf and vf have been calculated as functions

of uf, the time tp for reaction to g0 to comple-
tion in the flame can be calculated from Eq. (11)
with the value of uﬁ that gives AT = 1 in Eq. (9).

PARTICULAR SOLUTIONS OR DST AND THEIR APPLICA-~
TION TO DDT

Partfcular solutions for DST are obtained
from the previous equations by assigning values
to the following set of parameters (p s Gy V.,
m, a, A). The solutions presented hgre ﬂave the
values pg = 1.6 g/cc§ co = 2 mm/ue, q = 54.69 kbar
ce/g, VP = B.4 x 10%c/g, m= 1, a = ay = 2 x 10°2
mm/ps2, and values of the burning parameter A in
the range 9.0 x 10%3% 1.2 x 10~2 pm/us kbar. The
value q 1s based on an assumed Chapman-Jouquet
pressure in the propellant of 330 kbar, Equations

for the floy varlables were evaluated for specified
Equations (11) and (19) were used to

values of uy
calculate the flame path, Egs. (4) through (7) and
Bq. (20) were used to calculate states in the
compression wave, Bgs. (19), (27), (28), (29),

Wk
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and Eq. (9) were used to calculate values of the
flow variables in the burnt state and the density
behind the flame, and Eq. (31) was used to calcu-
late values of the particle velocity behind the
flame. The value of ui was increased in these
calculations until the reaction coordinate satis-
fied the condition Af = 1 to detexwine the reaction
tg and define the time limit imposed on the solu-
tion by the energy equation.

Plots of the particle velocity~distance prc-
files calculated with the following values of A,
1.2 x 10-2 mn/us kbar, 1.1 x 10-2 mm/ps kbar, and
9.0 x 10-3 mm/us kbar are shown in Figures 1, 2,
and 3 to dewmonstrate the dependence of DST on
this burning rate parameter., The flame path and
the states connected by the flame with A = 1.2 2
10-2 mm/ps kbar are given in Table 1. For conve-
nience in presentation, Figurc 1 is shown on this
‘page, but Figures 2 and 3 and the table are shown
on the next page.

Because kf -]
the reaction

shown at 20 us, 35 us, and 52 us,
in the discontinuity shown as F'F",
time tp = 52 us for this flow. h
city profiles FF! and FF! behind the flame are
ghown as straight lines to satisfy Eq. (30). Be-
cause m = 1, the shock 1s formed on the wave front
at § where the particle velocity gradient becomes
infinite after the time tg = 50 pus given by Eq.

(24). The flow therefore satisfies the condition_ _C

tg < tg because the shock is formed before the
reaction goes to completion in the flame discon-
tinuity. Our consideration of the shock after t.,
when the prescription of the flame acceleration

is no longer valid, is based on the assumption that
the flame can be treated as a constant velocity or
decelerating piston. In either case, the informa-
tion that the flame has undergone a change in its

- motion will be propagated along the C+ character-

istic emanating from the flame front when t = t_.
Points in the (u+ - X) profile F"C in Figure 1
will vhus continue to propagate along C character-

1.2
— Fr t =60 ps —
1.0 1= Flame Path t=52us @omp'rpess;gin B
- \ /ave Profiles - -
u:). 0-8 L , s
| 0.6 _ —
3 B -
> . —
E 04 = 20 us Shock Path
8 B -
g 0.2 -
w Shock —
N G
— T b L ) 1 T ] ok T i) H )
= 10 éO 30 40 50 60 70 80 90 100 110 120 130
Cé —— \ -
a S DISTANCE x — mm
02 - F. -
—  Flame— A=12x 1072 mm/us kbar —
04 | Discontinuity a =2x 102 mm/ps? -
o F- Af~1,py = 536 kbar

Figure 1.

MA-6069-16

Flame path, shock path, and particle velocity-distance protiles for

the flow produced by an accelerating flame with A = 1.2 x 102 pm/us kbar.

The particle velocity~-distance profiles shown
in Figure 1 will now be considered in more detail
to gain an insight into DST and formulate a pos-
tulate for assessing the probability of DDT.
Figure ] shtows the forwation and development of
the shock produced by the accelerating flame when
A= 1,2 x 107 mm/ys kbar. The flame path is shown
as FF;F; and the shock path as §S'. The posi-
tions of the flame diecontinuity and the particle
velocity profiles on both aldes of the flame ave
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istics with velocities given by Ea, (7). The shock
particle velocity and the position of the sheck
after a time t >ty = 50 ps are defined by equalizin
the areas in the double valued regions of the

(u, - x) profile as discussed earlier. The (u, -
profile S'C' at t = 60 us in Figure 1 for example
gives 0.2 mm/us for the shock particle velecity and
121 mm for the position of the shock., The corre-
sponding value of the shock pressure at t = 60 us
is 7.1 kbar. Application of this graphical method

The particle velo~ ~

g

x)
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Figure 2: Parcicle velocity-distance Figure 3: Particle velocity-distance
. profiles for the flow when ; profile for the flow when
. the shock is formed and the - the reaction is complete in
reaction becomes complete in the accelerating flame with
the accelerating flame with A = 9.0 x 10~3 mn/us kbar.
A= 1.1 x 10°2 wm/us kbar.
{
f f £ t
u, wm/ps p+/p0 p, kbar X mm t usec

0.000E+00 | 1.000E+00 | 1.000E-03 0.000E+00 | 0.0C0E+00
1.000E-0L | 1.050E+00 | 3.364E+00 3.492E-01 | 5.000E+00
2.000E~01 | 1.100E+00 | 7,062E+Q0 1.410E+09 | 1.000E~01
3,000E-0) | 1,150E+00 | 1.111E+01 3.204E+00 | 1.500E+01
4,000E-01 "} 1,200E+00 | 1.553E+01 5.751E+00 | 2.000E+01
5.000E-01 | 1,250E+00 | 2,033E+01 9.075E+00 | 2.500E+01
6.000E-01 | 1,300E+00 | 2,554E+01 1,3208+01 | 3.000F+01
7.000E~01 | 1,350E+00 | 3.116E+01 1.815E+01 | 3.500E+01
§.000F-01 { 1.400E+00 | 3.721E+0) 2.395E+01 | 4.000E+01
9,009E~01 { 1,450E+00 | 4.371E+01 3.062E4+01 | 4.500F+01
1.00GEH00 | 1.500E+00 | 5.067E+0L 3.820E+01 | 5,000E+01

f f < i
u, nm/ s o_ slcc p_ kbar u_ mm/us X

0,000E~00 | 6,439E-01 | 1,000E-03 | -3.125E-05 4,436E-05
E 1.000E-01 | 4.699E-01 | 3,293E+00 | -3.955E-03 | 1.409E-01

. . - 2.000E-01 | 4.967E~01 | 6,741E+00 | -1.553E-02 | 2.781E-01
' 3.000E-01 | 5.245E-01 | 1.029E+01 | -3.4498-02 | 4.G35E-01
4.000E~01 | 5.531F-01 | 1,388E+01 | -6.056E~02 | 5.529E-01
5. Q00E-01 | 5.827E-01 | 1,744E+0r | -9.351E-02 | 6.463E-01
6.000E~-01 | 6.132E~-01 | 2.086E+01 | ~1.331E-01 | 7.476E-01
7.000E-01-| 6.445E-01 | 2,406E+01 | ~1.791E-01 | 8,349E-01
8.000E-01 | 6.768E-01 [ 2.689E+01 | -2,313E-01 | 9.063E-O1
6,000E-01 { 7,099E-01 | 2,923E+0i ~2,896E~01 | 9.599E-01
1.000E+00 | 7.4398-01 | 3.091E+01 | -3.536E-01 | 9.938E-0L

1.0405+00 1 7.577E-01 | 3.137E401 | ~3.809E-01 | 1.002EH00

Table 1. Calculated values of the position of the flame
and the states attained across the accelerating
flame Jdiscontinuity with A = 1,2 x 10~ wm/us kbar.

to dufine the shock as the flow develops after tr we postulate that the pressure attained at the flame
leads to the conclusion that the final shock pressure front when the reaction proceeds to completion in
will be the pressure py = 53.6 kbar attained at the the flame can be used to assess the probability of
flame front when t = tg. Consequently, in applying the occurrence of DDT.

these sclutions for am accelerating flame to DDT,
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1.040E+00 | 1.520E+00 | 5.359E+01 4.149E401 | 5.200E+01 : -

N
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Particle velocity-distance profiles for flows
when A = 1.1 x 10"Zmm/us kbar and & = 9.0 x 1073
mm/ps kbar are shown respectively in Figures 2
and 3. The flame trajectory and the particle
velocity profile at tg 1s shown in both figures,
and it is clear from these profiles that tp < tg4
for both these values of A, Figure 2 also shows
the profile in the compression wave at 50 us when
the shock is formed. According to our postulate,
the shock pressures for assessing the probability
of DDT are respectively ~37 kbar and -25 kbar
when A = 1.1 x 107" mm/us kbar and A = 9.0 x 10
mm/us kbar.

-3

The shock pressures for assessing the proba-
bility of DDT is our three flows are therefore
54 kbar, -37 kbar, and ~25 kbar. While DDT is
expected to occur when the shock pressure is 54
kbar or 37 kbar, it may not occur when the shock
pressure is 25 kbar. The dependence of the pres-
sure at the flame front on A when t = ty shows
that the probability of the occurrence of DDT
depends strongly on the burning rate, and leads
to the conclusion that DDT will probably not occur
in a closed tube when A < 0.9 x 10™3 m/ps kbar.

RESULTS AND COKCLUSIONS

Solutions describing the one-dimensional un-
steady flow produced by an accelerating flame
propagating in a propellant or explosive contained
in a closed tube were constructed to model DST and
gain an insight into DDT. The flame was treated
as a reactive discontinuity, the flow in front of
the flame was treated as a simple compression
wave, and the density gradient was assumed to be
zero in the flow behind the fl.me, The descrip-
tion of the flow is phenomenological because the
burning rate, the acceleration of the flame, and
the density gradient behind the flame must be
prescribed to comstruct the solution, but it
supercedes thermodynamic treatments by accounting
for the flow behind the flame as well as the flow
in front of it. A graphical method was applied
to the particle velocity profiles in the compres-
sion wave to determine the development of the
shock ahead of the flame. Particular solutions
were constructed over the time interval 0 < t <
tg defined by the time ty taken for the reaction
to proceed to completion in the flame disconti-~
nuity. It is not worthwhile to consider detailed
properties of these solutions after the reaction
time tp because the equation used to prescribe
the acceleration of the flame is not valid after
this time. The postulate that the pressure at-
tained at the flame front when t = tp can be used
to assess the probabllity of DDT was based on the
assumption that the flame can be treated as a
constant velocity or decelerating piston after
tg. Examination of particular solutions in the
light of this postulate led to the following
conclusions:

® DDT depends strongly on the burning
rate and will probably not occur
unless the burning rate parameter
exceeds a critical value,
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® A burning rate governing by the square
of the pressure is nat neacessary for
the onset of DDT in & closed tube.

The model solutions constructed in this paper
for the flow assoclated with an accelerating re-
active flame discontinuity provide guidelines for
asgessing the probability of the occurrence of DDT
in a burning propellant contained in a closed tube.
Questions regarding the applicability of these
solutions to real systems must be considered how-
ever because the extent of reaction in the flame
discontinuity increases as the flow develops. It
is my conjecture that the assumptions made to
treat the flow may be valid in a damaged or cast
burning composite propellant when the components
have markedly different reaction rates.

A more fundamental theoretical study of the
flow produced by an unsteady flame must be under-
taken to obtain a basic understanding of DDT.
Questions regarding the treatment of a flame as
a reactive discontinuity and the application of
a steady-state burning rate expression to an un-
steady flame must be addressed in this study, and
a more complete treatment of the flow must be in-
corporated into a model for predicting the accel-
eration of the flame,
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